The ionophoretic antibiotics, monensin and lasalocid, bind numerous mono-and divalent cations, primarily in dimeric complexes that facilitate the passage of metal ions through hydrophobic lipid membranes. Ionophores vary in their affinity for metal ions. Similarly, transport rates of the resulting complexes depend in part upon the affinity constant of the drug ionbinding interaction, and in part, upon local environmental and physical factors. The normal uptake, transport and use of divalent minerals in the animal body is accomplished via numerous endogenous "ionophore" transport routes. We studied the possibility that exogenous ionophores such as monensin and lasalocid might alter normal intestinal uptake of divalent metal ions. In the first experiment, chickens were fed either monensin or lasalocid; 4SCa, S9Fe or 64Cu was individually instilled into an exteriorized isolated loop of the duodenum and absorption allowed for 1 h. Radioactivity was measured in the duodenal mucosa. Compared with controls, S9Fe and 64Cu were lower in tissues from animals given monensin, but higher in animals
given lasalocid. 45Ca was lowered in gut mucosa by both drugs. In the second experiment, liver Cu, Fe and Zn were measured in chickens and sheep fed diets containing monensin or lasalocid. Small differences in basal tissue levels of ions were observed in both sheep and chickens fed the ionophoretic drugs. Drenching sheep with 100 mg, animal-l,d -1 Cu 2+ as CuSOa resulted in enhanced Cu accumulation in all animals, with the largest accumulation measured in those fed monensin. These preliminary data suggest that adding monensin and lasalocid to diets may change the bioavailability, gut uptake and tissue deposition of divalent minerals. However, the direction in which mineral metabolism is altered is unpredictable. The physiological implications of these phenomena remain to be resolved. (Key Words: Ionophoretic Antibiotics, Monensin, Lasalocid, Divalent Minerals, Growth Promotants, Coccidiostats.)
Review
Since the discovery of the ion transporting abilities of carboxylic acid antibiotics, research on their applicability to animal agriculture has been extensive (Pressman, 1976; Stern, 1977) . These antibiotics, as a class, can reequilibrate intracellular and extracellular proportions of ions (Pressman et al., 1967; Henderson et al., 1969; Kinsky, 1971; Pressman, 1973) . Thus, there is probable cause to suspect that altered moment-to-moment fluxes of ions between tissues, cells and organelles can occur in the presence of ionophoretic antibiotics. Because the body depends on the timely release and sequestering of ions, any disruption in ion flux could directly or indirectly alter normal physiology. Certainly homeostatic mechanisms in the body attempt to compensate for gross disturbances in ion balance. However, the question arises, at what point does the basic physiology 845 JOURNAL OF ANIMAL SCIENCE, Vol. 59, No. 3, 1984 of the animal consuming !onophoretic antibiotics change?
This paper will summarize current information on the interactions between divalent minerals and ionophoretic antibiotics. The presence of these antibiotics in animal feed can lead to changes not only in the animal's physiology and mineral metabolism, but also in the physiology of tissues whose function is dependent on the efficiency of ion movement.
Currently the major ionophoretic antibiotics used in the cattle and poultry industries are sodium monensin and sodium lasalocid. Each of these, as a carboxylic acid antibiotic, falls into the ionophore category based on its ability to increase or facilitate movement of metal ions across natural or artificial membranes. The characteristics of the ion-ionophore complex (binding affinity, specificity, bulk transport rate, et cetera) can be determined by measuring the movement or transport of an ion from one aqueous phase or compartment to another, across a lipid or organic interface layer (Pressman and deGuzman, 1975) . Similarly, binding and transport characteristics between ions and ionophores can be determined by measuring ion fluxes and kinetics across natural biomembranes (Pressman et al., 1967; Eiseman et al., 1969; Dobler, 1981) .
The chemical properties of monensin and lasalocid, their function as ionophores and their use in agriculture have been well documented (Lauger, 1972; Pressman, 1973; Pressman and deGuzman, 1975 ; Ovchinnikov, 1979; Pressman and Fahim, 1982) . However, for orientation purposes, a brief overview of pertinent binding interactions between mono-and divalent ions and ionophores will be presented.
The major uses of ionophoretic antibiotics in agriculture are as agents that improve feed efficiency in cattle (Grueter et al., 1976; Brown and Davidovich, 1979) and as anticoccidial agents, particularly in fowl (Edgar and Flanagan, 1974; Ruff et al., 1976) . Feed utilization by ruminants is probably increased through selective alteration of rumen microflora (Dinius et al., 1976) , producing rumen conditions that favor propionate-producing organisms and increase energy efficiency by reducing the acetate to propionate ratio, rn addition, recent data indicate that ionophores decrease ruminal methane production (Thornton et al., 1976) . However, systemic effects of ionophores that might influence metabolism through altered endocrine mechanisms may also be significant.
Presumably the selective bioactivity of ionophores, largely against gram-positive microbes, occurs as a result of altered selective transport of ions into susceptible species with a disruption of normal microbial physiology (Wolin, 1981) .
The Selectivity and activity of ionophores as antibiotics are influenced by chemical modification of these compounds (Westley et al., 1973) , which changes the affinity of the ionophore for various ions. Of the proposed mechanisms through which ionophores presumably work, all are ultimately dependent to some degree on the ionophore's ability to alter ion transport across prokaryotic and eukaryotic cell walls and membranes. Because these compounds may also have systemic effects related to ion transport in animals, the extensive use of these agents in the animal industry warrants the fullest comprehension of all interactions between ionophores and physiological systems.
Monensin and lasalocid (X-537A) affect translocation of ions across membranes by forming soluble complexes with the hydrated form of the metal ion. The lipid membranes are more permeable to the resulting complex than to the uncomplexed ion (Lauger, 1972; Pressman, 1973; Ovchinnikov, 1979) . The driving force behind transmembrane flux is the concentration gradient of the ion, implying a passive or, at the most, facilitated passive movement. But movement of an ion against its concentration gradient can also be facilitated by ionophores through the counter transport of another ion in the opposite direction (Malaisse and Couturier, 1978; Malaisse et al., 1980) . This is now thought to be a significant mechanism operating in the Na § ~ § exchange translocation normally occurring across brain and heart mitochondrial membranes (Crompton et al., 1976 (Crompton et al., , 1977 (Crompton et al., , 1978 Clark and Roman, 1980) , the sarcoplasmic reticulum and similar tissues in association with lasalocid (Malaisse et al., 1980) and monensin (Jacques et al., 1981) . Therefore, it is possible for an ionophore to influence the transport of an ion that it does not chemically react with or bind to directly.
The structures of monensin (Agtarap et al., 1967; Haney and Hoehn, 1967) and lasalocid (Westley et al., 1970 (Westley et al., , 1973 are presented in figures 1 and 2, respectively. In each case, in addition to the rather planar or linear presentation of the unbound molecule, the form of the molecule when complexed with a monovalent or divalent ion is also shown. Numerous determinants influence the binding characteristics between ions and these ionophores. These include molectilar structure of the ionophore, pH, atomic radius, valence of the ion and state of hydration (Dobler, 1981) . The significant bonds formed between the ionophore and the ion are induced dipole interactions, hydrogen bonding, hydrophilic sequestering and van der Waal forces. As a result of the bonding forces, a conformational bending of the ionophore molecule occurs, resulting in the sequestration of metal ions in a pocket formed in the drug molecule. Two lasalocid molecules are necessary for the binding of divalent molecules. Dipole bonds are asymmetrically distributed between the oxygen atoms of the two ionophore molecules. Binding of monovalent ions requires only single molecules of lasalocid. However, this may be an artifactual effect of the polarity of the experimental solvent system used to determine the physical interaction. It is more likely that monovalent ion binding requires the dimeric complexed form of lasalocid. Transport studies indicate that monensin, which binds primarily only monovalent ions, binds to ligands in a molar ratio of 1:1 (Dobler, 1981) .
To understand the impact of ionophores on divalent mineral metabolism, it is necessary to understand the transport capabilities of monensin and lasalocid. In general, both monensin and lasalocid transport monovalent alkali metals, i.e., Na § K +. Monensin and lasalocid exhibit relative differences in affinities and therefore in binding selectivity. The relative affinity for monensin is Na § > K + > Li + > Rb § > Cs § and for lasalocid, K + > Rb § > Na + > Cs + > Li + (Henderson et al., 1969) . Each ionophore binds Na + and K § but with differing relative affinities. These ionophores also bind other monovalent ions, but the physiological significance of their transport in vivo is not well understood. Each ionophore also increases the permeability of membranes to H § ions, a factor of possible significance in acid-base balance in cells and energy generation and transfer in mitochondria (Henderson et al., 1969; Green, 1975) .
In addition to monovalent ions, lasalocid also binds several divalent cations. These include Ca 2+, Mg 2+ and Ba 2+, and, in addition, several of the lanthanide series, including Cu 2+, Fe 2+, Ni 2+ and Zn 2+ (Pressman and Fahim, 1982) . The binding affinity of different ions varies as a function of the factors previously mentioned. The ions Mg ~+, Ca 2+, Ba 2+ and Sr 2+ have K R (a measure of affinity using the binding characteristics of Ca as a relative standard) values of .38, 1.0, 2,600 and 8.5, respectively (Pressman and deGuzman, 1975) . Thus, Mg 2+ binds with one-third the affinity of Ca 2+, while Ba 2+ binds 2,600 times as avidly (Pressman and Fahim, 1982 (Pressman and deGuzman, 1975) . Calcium is more efficiently transported, although its affinity for lasalocid is less than that for Ba 2+ (Pressman and Fahim, 1982) . To summarize the pertinent facts to this point: (1) Transport of ions through biological membranes as facilitated by ionophores is a function of the affinity of the drug for the ion, but transport in this state is modified by the local environment. If ions are bound either too tightly or loosely, the transport of the ionophore-metal complex is compromised.
(2) Lasalocid binds numerous divalent cations, many of which are biologically active in excitable tissues. (3) Transport of divalent minerals may be influenced by ionophores that do not readily bind divalent minerals. This would occur if the transport mechanism of the divalent mineral was coupled to that of a monovalent ion such as Na + or K § or by changes in the energy available for divalent ion transport by altered monovalent ion gradients There are numerous areas in the realm of mineral metabolism in which the presence of ionophores could alter mineral balance and ion transport. These include:
(1) presence and bioavailability of ions in feeds and water, (2) uptake and transport of ions across biological membranes and tissues, (3) distribution and storage in cells, tissues and bone, (4) element-element interactions and (5) homeostatic and regulatory mechanisms governing uptake, concentration monitoring and excretion.
A question as yet relatively unexplored is, do ionophores change the availability of ions in feedstuffs and elemental supplements for uptake? This question is particularly important in terms of the trace elements. It was stated earlier than the ionophores can bind divalent minerals and influence their transport. However, the transport of a bound or complexed ion could be enhanced or retarded as a function of the relative degree of affinity between ionophore and ion. The effect of ionophores on metal absorption is modified by such influences as naturally occurring chelating agents, chemical forms of the ion salt, diet-mineral interactions, et cetera (Ammerman and Miller, 1972) ; ionophores in the diet may interact with naturally occurring forms of metals to further augment or diminish absorption of nutrient metals. The introduction of metal contaminants into feed, for example, is a safety concern for both animals and humans (Ammerman et al., 1977) . If these elements, which are considered toxic, interact with ionophores, the toxicity may be altered as a function of transport and availability (Mahaffey, 1977; Doyle and Spaulding, 1978) .
Uptake, transport, distribution and homeostatic regulation of ions are basically all interrelated (Miller, 1974) . If a formerly impermeable membrane becomes permeable to an ion via an ionophore-associated channel, the transport, distribution and normal mechanisms that govern ion flux are disturbed. The so-called "natural ionophore" systems in cell membranes operate to maintain normal ion gradients in a membrane that is functionally impermeable to certain ions. Such natural ionophore transport complexes include Na+-K+-ATPase, Ca 2+-Mg~+-ATPase and Na+-Ca 2+ counter transport systems, as well as the specific active transport systems for elements such as Fe and Cu. When these normal transport routes are bypassed via ionophore-mediated transport, the proper functioning of tissues whose function is dependent upon timely release and sequestration of ions is compromised. Examples of disrupted normal tissue function that have been ascribed to ion imbalance associated with ionophore-mediated transport include alteration in cardiac contractility (deGuzman and Pressman, 1974; Pressman and Fahim, 1982) , hormone release (Ashby and Speake, 1975; Hellman, 1975) , smooth muscle function (Berner et al., 1980) and neurotransmitter release (Person and Kuhn, 1979; Pasantes-Morales and Quesada, 1980; Scherman et al., 1981) . In the presence of ionophores, all of these have in common a departure from the normal physiology that regulates necessary ion fluxes. Much of the toxicity of ionophores is attributable to these phenomena.
At present, few data are available that directly address the distribution and transport of divalent cations in ionophore-fed animals. Most of the information that is available mainly concerns monovalent ion distribution in tissues in well isolated and controlled systems. Dovorak et al. (1980) , however, found no difference between control and monensin-fed bulls in rumen and plasma concentrations of Na, K, Ca, Mg, Zn, P, Cu and Fe.
Our interest in the effects of ionophoretic drugs on mineral metabolism stemmed from observations of Ca and P levels in control and ionophore-fed sheep. In growth and endocrine function studies in sheep in our facility, routine clinical chemistry profiles indicated that serum Ca was significantly lower and P higher (P<.05) in animals fed concentrate diets containing either 10 or 30 ppm monensin (10 and 30 mg/d, respectively) than in animals fed similarly but not exposed to the drug. This was of interest in light of the efficiency of control mechanisms that regulate Ca metabolism. These differences were not accompanied by altered serum protein concentrations. Serum Mg concentrations in monensin-fed and control animals were similar, and the Ca-P differences were not apparent in animals fed 30 ppm (30 mg/d) lasalocid. It was of interest therefore to determine whether or not the basic transport of essential minerals was altered in animals fed monensin or lasalocid.
One series of studies investigated the effect of ionophores on intestinal accumulation of divalent ions. Chickens were first fed a standard broiler diet for 10 d. The five groups of animals were: control, monensin fed at 121 ppm, lasalocid fed at 121 ppm and controls plus monensin or lasalocid infused into an intestinal loop at 1.5 • 10 -4 M. These last two groups were designated "acute monensin" or "acute lasalocid." Feed was withdrawn from all animals 12 h before the experiment.
Animals were anesthetized and the loop of the duodenum in association with the pancreas was externalized through an incision in the animal's right abdomen as described by Starcher (1969) . Ligatures were positioned around the loop approximately 10 cm apart. A radioactive tracer (SgFe, 64Cu or 45Ca), alone or in combination with the drugs, was instilled into the lumen of the intestine. The test solution was allowed to remain in the gut for 1 h. Then the gut segment was removed, sliced longitudinally and thoroughly washed to remove residual tracer. The mucosa of the gut was then scraped free from the serosa, weighed and transferred for either immediate counting or solubilization or homogenization. Approximately 25,000 cpm of S9Fe or 64Cu or 100,000 cpm of 45Ca was used.
Illustrated in figure 3 are the effects of monensin and lasalocid on 4SCa incorporation into intestinal tissue. The data have been normalized to the control incorporation values. The presence of either drug, whether in the diet or acutely infused (represented by the acute treatments), significantly reduced the number of counts in the duodenal mucosa. Figure 3 is presented in terms of counts present in the mucosa and not uptake normalized to the control group, because there are two sets of kinetics at work here. The first is the uptake across the apical membranes from the lumen of the gut into the mucosal cell. The second is the basolateral serosal transfer of the cations out of the cell into the body. In some circumstances, the transfer kinetics across these' two membrane surfaces is often different (Linder and Munro, 1977) . In this instance we cannot differentiate between a reduced uptake of Ca or an increased rate of transfer across the serosal surface. All that can be said with certainty is that in this instance the transport of Ca was affected by the presence of ionophoretic drugs.
The same procedure was used to study the movement of 64Cu in the duodenum. As indicated in figure 4 contained more, and from monensin-treated animals, less 64Cu after 1 h than did controls. However, there were no differences among the five groups in liver 64Cu. Often the incorporation of Cu into the liver is used as an indicator of ion transport because of the liver's Cutrapping mechanism (Starcher, 1969; Evans, 1973) . Our data indicate that the ionophoretic drugs affected the mucosal aspect of Cu transport. It is possible that each ionophore influences a different membrane flux or compartmentalization of Cu, but because we measured only net mucosal Cu, firm conclusions are difficult.
The effect of the two antibiotics on the incorporation of SgFe is shown in figure 5 . Animals that were fed a diet containing the drugs absorbed Fe in a pattern similar to that observed for Cu, that is, higher counts were present in lasalocid-fed than in monensin-fed animals or controls. In this situation, the acute treatments did not affect Fe uptake.
After the radioactivity was determined in the mucosa, the same tissues were individually homogenized and centrifuged. A portion of the supernatant was first counted to determine a basic level of radioactivity. This sample was then treated with 5% trichloroacetic acid, and the precipitate was washed and co/anted. The relative counts of Fe precipitated from the homogenized supernatant are illustrated in figure 6 . The data indicate that virtually all of the radioactivity in the monensin-fed birds was precipitated with the protein, while 78% was associated with protein in control animals and only 67% bound in lasalocid-fed animals.
Iron absorption is a multistep process. Energy dependent and independent uptake mechanisms operate in both the lumen to mucosal and serosal to blood transfers of Fe ( Linder and Munro, 1977) . The transport of Fe in the intestine occurs in association with ferritin, apoferritin, transferrin and a few other proteins (Halliday et al., 1975) . The data presented here raised the question, does the presence of ionophores change the availability of ions for the natural transport of proteins? Does monensin increase and lasalocid decrease the availability of Fe to the transfer proteins?
The concentration of Cu 2+, Fe 2+ and Zn 2+ in livers from chickens raised for 10 d on diets containing lasalocid or monensin was determined by atomic absorption spectroscopy (AAS). The pattern of Fe concentration in livers from chickens in various treatment groups (table 1) was consistent with that observed for the gut transport of Fe shown in figure 4.
Liver concentrations of Cu, Fe and Zn were also measured in sheep. Wethers were fed a concentrate diet supplemented to yield 30 mg monensin or lasalocid'd-l'anima1-1. The animals were conditioned 2 mo on the diet. Liver tissue was obtained at this point. After the biopsies, the animals were maintained on the same diets but, in addition, each animal was drenched with a copper sulfate solution to provide an additional 100 mg of Cu ion daily. This treatment was continued for 10 d, at which time another set of liver tissues was taken. The One of the more interesting observations based on these data was associated with the changing levels of Zn as a function of drug treatment, Cu treatment and an apparent ionophore-Zn ion interaction. Before Cu treatment, liver Zn concentrations were higher than controls in both monensin-and lasalocidfed animals. After Cu treatment, liver Zn concentrations in the lasalocid-treated group were the same as those in the control group. The level of Zn in the control group did not change during Cu treatment.
Conclusions
These uptake and liver storage data support the following:
(1) Feeding monensin and lasalocid alters mineral availability to the intestinal absorption surface.
(2) Mineral transport may be compromised through direct and indirect mechanisms associated with the action of monensin and lasalocid.
(3) Finally, the distribution of ions in tissues and the bioactivity of divalent ions within cells may be influenced in the presence of monensin and lasalocid.
While the data presented here involved only two ionophores, the data and facts summarized indicate that feeding of ionophoretic antibiotics might significantly alter the way animals utilize avalues represent mean +-SE of two control, four monensin-and four lasalocid-fed animals.
